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Neutrinoless Double Beta Decay
0νββ

(Z, A)→ (Z + 2, A) + 2e−
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FIG. 2 Feynman Diagrams for ββ(2ν) (left) and ββ(0ν)
(right).

where G0ν(Qββ , Z) is the phase space factor for the emis-
sion of the two electrons, M0ν is another nuclear matrix
element, and 〈mββ〉 is the “effective” Majorana mass of
the electron neutrino:

〈mββ〉 ≡ |
∑

k

mkU2
ek| . (3)

Here the mk’s are the masses of the three light neutrinos
and U is the matrix that transforms states with well-
defined mass into states with well-defined flavor (e.g.,
electron, mu, tau). Equation 2 gives the ββ(0ν) rate
if the exchange of light Majorana neutrinos with left
handed interactions is responsible. Other mechanisms
are possible (see Sections III and IV.D), but they require
the existence of new particles and/or interactions in ad-
dition to requiring that neutrinos be Majorana particles.
Light-neutrino exchange is therefore, in some sense, the
“minima” mechanism and the most commonly consid-
ered.

That neutrinos mix and have mass is now accepted
wisdom. Oscillation experiments constrain U fairly well

— Table I summarizes our current knowledge — but they
determine only the differences between the squares of the
masses mk (e.g., m2

2 −m2
1) rather than the masses them-

selves. It will turn out that ββ(0ν) is among the best
ways of getting at the masses (along with cosmology and
β-decay measurements), and the only practical way to
establish that neutrinos are Majorana particles.

To extract the effective mass from a measurement, it
is customary to define a nuclear structure factor FN ≡
G0ν(Qββ , Z)|M0ν |2m2

e, where me is the electron mass.
(The quantity FN is sometimes written as Cmm.) The
effective mass 〈mββ〉 can be written in terms of the cal-
culated FN and the measured half life as

〈mββ〉 = me[FNT 0ν
1/2]

−1/2 . (4)

The range of mixing matrix values given below in Ta-
ble I, combined with calculated values for FN , allow us
to estimate the half-life a given experiment must be able
to measure in order to be sensitive to a particular value
of 〈mββ〉. Published values of FN are typically between
10−13 and 10−14 y−1. To reach a sensitivity of 〈mββ〉≈
0.1 eV, therefore, an experiment must be able to observe
a half life of 1026 − 1027 y. As we discuss later, at this
level of sensitivity an experiment can draw important
conclusions whether or not the decay is observed.

The most sensitive limits thus far are from the
Heidelberg-Moscow experiment: T 0ν

1/2(
76Ge) ≥ 1.9 ×

1025 y (Baudis et al., 1999), the IGEX experiment:
T 0ν

1/2(
76Ge) ≥ 1.6 × 1025 y (Aalseth et al., 2002a, 2004),

and the CUORICINO experiment T 0ν
1/2(

130Te) ≥ 3.0 ×
1024 y (Arnaboldi et al., 2005, 2007). These experiments
contained 5 to 10 kg of the parent isotope and ran for
several years. Hence, increasing the half-life sensitivity
by a factor of about 100, the goal of the next generation
of experiments, will require hundreds of kg of parent iso-
tope and a significant decrease in background beyond the
present state of the art (roughly 0.1 counts/(keV kg y).

It is straightforward to derive an approximate an-
alytical expression for the half-life to which an ex-
periment with a given level of background is sensi-
tive (Avignone et al., 2005):

T 0ν
1/2(nσ) =

4.16 × 1026y

nσ

( εa

W

)

√

Mt

b∆(E)
. (5)

Here nσ is the number of standard deviations correspond-
ing to a given confidence level (C.L.) — a CL of 99.73%
corresponds to nσ = 3 — the quantity ε is the event-
detection and identification efficiency, a is the isotopic
abundance, W is the molecular weight of the source ma-
terial, and M is the total mass of the source. The in-
strumental spectral-width ∆(E), defining the signal re-
gion, is related to the energy resolution at the energy
of the expected ββ(0ν) peak, and b is the specific back-
ground rate in counts/(keV kg y), where the mass is that
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The Experimental Challenge

Sensitivity

T0ν
1/2 ∝ 〈mββ〉−2 ∝ const

√
M× t

∆E× B

M Mass

t Time

B Background rate

∆E Energy resolution

Maneschg,
Mer-
le,
Ro-
de-
johan,
ar-
Xiv:0812.0479v1
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The GERmanium Detector Array (GERDA)

Naked High purity 76Ge crystals placed in LAr

Phase I goals

Exposure 15 kg y

Background 10−2 cts/(keV kg y)

Half-life T1/2 > 2.2× 1025 y

Majorana mass mee < 0.27 eV

Phase II goals

Exposure 100 kg y

Background 10−3 cts/(keV kg y)

Half-life T1/2 > 15× 1025 y

Majorana mass mee < 0.11 eV

Cryostat

Detector Array

Water Tank
with

Muon
Veto

Lock and Lowering Systems
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Calibrations
Overview

Overview
4 strings with 3 detectors each

3 228Th sources with
A = 10− 15 kBq

Park position in the lock of the
experiment

Sources shielded by 6 cm of Ta
1 Calibration run per week:

2 different z positions
∼ 30 min run time per position
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The Calibration System

Optical sensors Source

Absorber

Motor

Gear

Spindle Steel band

Rotary
feedthrough

Crank

Micro
switch

Francis Froborg Energy Resolution in Gerda’s Phase I 7 / 21



Motivation Calibration System Signal Processing Summary

Positioning Systems

Absolute Encoder
Measures rotation of spindle

Correctly calibrated, it gives the absolute position even in case
of a power shut down

Accuracy depends on reproducibility of winding of steel band

Incremental Encoder
Two optical sensors (reflection light barriers) count holes in
perforated steel band

Chronology of impulses of sensors define forward and
backward direction

Accuracy depends on distance of holes and sensors and
accuracy of perforation
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Controller
System Control Unit

Firmware with 3 functional blocks per lowe-
ring system:
Motor, positioning and error control

Remote Control

LabView Program to
operate and monitor
all 3 lowering systems

PhD Thesis by Michal Tarka
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Positioning Tests

Incremental Encoder vs.
Laser Rangefinder

Sources moved down
to 6.5 m in 0.2 m steps

Tolerable
discrepancies of up to
3 mm found
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Incremental vs. Absolute Encoder

Every system showed different deviation

Discrepancy of up to 15 mm

Calibration function for each system
implemented

Accuracy after calibration ±2 mm
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Other Tests

Oscillation Tests
During movements: Oscillations < 5 mm and rotations 25-30◦

well below limits

Entering LAr: Oscillations and rotations enhances by factor of 2
due to boiling
⇒ Fixed stop position at LAr level

Error Handling

Malfunction of each subsystem, blockade of source and possible
combinations tested successfully

Long Term Stability

About 50 cycles down to 6.5 m and up without any incidents
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Some Pictures
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The Calibration Spectrum
Status

Phase I: Closed-ended coaxial Ge
diodes, p-type

First string with three natural Ge
detectors deployed in June 2010

First string with enriched detectors
deployed in June 2011

Energy resolution (FWHM@2.6 MeV):
3.6 keV to ∼ 5 keV
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Optimization of Energy Resolution
Signal Processing Chain

Detector Preamp Linear Amplifier
Pile-up 
Rejection

Baseline 
Restorer

MCA

ADC Computer
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Preamplifier

Charge-sensitive preamp integrates
incoming pulse

Charge stored on capacitor Cf

Charge removed from Cf via
resistance feedback network with
characteristic time scale

τpreamp ≡ RCf

τpreamp has to balance ballistic deficit
and pile-up rate

Table 2: Report of the γ-ray screening of the CC2 circuit with minimal number of com-
ponents (no pins, no NP0 capacitors). Upper limits are given at 90 % CL.

isotope activity
232Th chain

228Ra (0.20 ± 0.11) mBq/CC2
228Th (0.14 ± 0.06) mBq/CC2

238U chain
226Ra (0.29 ± 0.10) mBq/CC2

234mPa < 1.3 mBq/CC2
235U < 0.13 mBq/CC2
40K (1.9 ± 0.7) mBq/CC2

137Cs < 42 µBq/CC2
60Co < 56 µBq/CC2

5 Status of Front End Electronics

We focused on the minimization of the radioactivity of the 3-ch circuit whose previous
realization was not completely satisfactory ( 350 µBq of 232Th); the PCBs were produced
once more reducing further the PCB dimensions and optimizing the geometrical dimensions
of the Cu trace capacitors. Two Cu trace capacitors can be put in parallel, in order
to match a couple of relevant dynamic range while avoiding the use of SMD ceramic
capacitors. All the SMD components were remeasured. The final results are within the
expectation. Figure 7 shows the circuit fully populated, while Table 2 reports the results
on the radioactivity in terms of 238U, 232Th, 40K etc. measured by γ-ray spectrometry.

Figure 7: The CC2 circuit (front and back) in its definitive form: in the back view the
trace capacitors are visible

The 232Th and 238U contents are ∼ 170 µBq and ∼ 290 µBq respectively for a 3-ch
PCB, to be compared with the reference values from simulations of 500 µBq and 2.5 mBq,
respectively, leading to a background contribution of few 10−3 cts/(keV·kg·y) for a PCB

14
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Determination of Decay Time

Fit exponential tail of pulse

Generate histogram with fit
results

Separate for each detector

Use peak value for further
analysis

Preliminary Result

τpreamp ' 170− 210 µs

 tau_preamp [ns]
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Amplitude Distortions

Pile-up

Decay time longer than time between
two events

Undershoot

Output of preamp is not a step function
but has a long but finite tale

Respond of shaping network is an
undershoot

Baseline Shift

High event rates lead to a shift of the
baseline below its true zero
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Baseline

Baseline Restoration

Fit at baseline: base = a + b · exp(−t/τpa)

Fit window has to be larger than decay time

Subtract fit result from pulse

Pile-up rejection

Choose two windows:

1. At beginning of recorded pulse
2. Just before trigger

Cut, if difference is too large

Noise

Cut, if baseline spread is too large in chosen
window
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Signal Shaping
Gauss

Analog

CR-(RC)n network

Usually n = 4 sufficient

Equal time constants for
differentiation and integration
networks

Digital

Moving Window Deconvolution
(MWD) + 2× Moving Window
Average (MWA)

MWD = Differentiation + Pole
Zero Cancellation

MWA = Integration

All window sizes the same

Advantage

Noise reduction due to frequency filtering

Disadvantage

Small amplitude differences due to rise time changes
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Signal Shaping
Gast

Advantage

Invariant to rise time changes
resulting in ballistic deficit

Digital Realization

MWD + MWA

Window MWD > Window MWA

Free parameter determines
position at flat top where
amplitude

342

t hr esho l d - f r ee approach f or de t ec t i ng peaks has been
desc r i bed . Peaks a r e de t ec t ed by mon i t or i ng s i gn
changes i n t he r esu l t o f t he add i t i on t ha t pr ecedes t he
f i na l accumu l a t i on . When t he no i se l eve l i s h i gh or
when t he samp l i ng ADC m i sses some codes , measur es
need t o be t aken t o avo i d e r roneous peak de t ec t i on ,
espec i a l l y i n t he case o f a f l a t - t opped pu l se . De t a i l s o f
t he peak de t ec t i on process a r e g i ven i n r e f s . [8 , 10 , 11] .
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Summary and Outlook

Gerda started commissioning phase in June 2010

First enriched detectors deployed in June 2011, rest will follow
in Sep 2011

Calibration system is working properly

Optimization of offline pulse processing to improve energy
resolution in progress

The Physics The Idea The Present The Future

Background in Low Energy Region

39Ar
Consistent with Monte
Carlos and activity of
1Bq/kg

42Ar
Contribution normalized to
1525 keV line

2νββ

Predictions for specrum
with T1/2 = 1.74 · 1021 y

First energy spectrum of enriched detector
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